Circadian clocks organize biological processes to occur at optimized times of day and thereby contribute to overall fitness. While the regular daily changes of environmental light and temperature synchronize circadian clocks, extreme external conditions can bypass the temporal constraints dictated by the clock. Despite advanced knowledge about how the daily light-dark changes synchronize the clock, relatively little is known with regard to how the daily temperature changes influence daily timing and how temperature and light signals are integrated. In Drosophila, a network of 150 brain clock neurons exhibit 24-hr oscillations of clock gene expression to regulate daily activity and sleep. We show here that a temperature input pathway from peripheral sensory organs, which depends on the gene nocte, targets specific subsets of these clock neurons to synchronize molecular and behavioral rhythms to temperature cycles. Strikingly, while nocte 1 mutant flies synchronize normally to light-dark cycles at constant temperatures, the combined presence of light-dark and temperature cycles inhibits synchronization. nocte 1 flies exhibit altered siesta sleep, suggesting that the sleep-regulating clock neurons are an important target for noctedependent temperature input, which dominates a parallel light input into these cells. In conclusion, we reveal a nocte-dependent temperature input pathway to central clock neurons and show that this pathway and its target neurons are important for the integration of sensory light and temperature information in order to temporally regulate activity and sleep during daily light and temperature cycles.
In Brief
Temperature synchronization of the fly circadian clock involves noctedependent sensory input. Chen et al. show that this thermal input targets specific brain clock neurons. Surprisingly, nocte is also important for synchronization to combined light and temperature cycles as they occur in nature-and hence for integration of different sensory cues.
INTRODUCTION
Circadian clocks orchestrate the timing of behavioral patterns and physiological processes. Although they run cell autonomously, circadian clocks receive synchronizing signals from the environment, in particular the daily changes of light and temperature, so called ''zeitgebers''. Light is generally considered to be the stronger zeitgeber (e.g., [1] ), but this view recently has been challenged by showing that depending on the degree of conflict between light and temperature, either one can be dominating [2] . Moreover, temperature cycles (TCs) with a day/night difference of 2 C-4 C only are able to synchronize both mammalian and insect clocks [3] [4] [5] [6] [7] .
In Drosophila, the circadian clock consists of transcriptional feedback loops generated by clock genes expressed throughout the body. The brain of the fruit fly contains a network of about 150 specialized ''clock neurons,'' defined by the expression of clock genes and organized in seven anatomically distinct clusters known as the small and large ventral lateral neurons (s-LNvs and l-LNvs), the dorsal lateral neurons (LNds), the dorsal neurons (DN1, DN2, and DN3), and the lateral posterior neurons (LPNs). They form a network regulating the daily rhythms of locomotor activity and sleep and their synchronization with the environmental light and temperature fluctuations [8] . Within these neurons, the key clock genes period (per) and timeless (tim) are rhythmically activated by the transcription factors CLOCK (CLK) and CYCLE (CYC) [9] . After accumulating in the cytoplasm, PERIOD (PER) and TIMELESS (TIM) proteins translocate to the nucleus and block CLK/CYC activity to shut down their own transcription before degradation of PER and TIM restarts the cycle [9] . Resetting of these molecular oscillations to light:dark (LD) cycles is well understood and largely mediated by the blue light photoreceptor cryptochrome (CRY) and its light-dependent interaction with TIM [10, 11] . In contrast, molecular clock resetting to TCs is less well understood. TCs induce synchronized clock gene expression in peripheral tissues and in clock neurons, both in constant light (LL) and in constant darkness (DD) [1, 7, [11] [12] [13] [14] [15] [16] [17] . Both transcriptional and posttranscriptional mechanisms have been implicated in temperature-synchronized clock gene expression, which underlies the behavioral activity patterns observed during TCs [12, 13, [18] [19] [20] .
Although temperature entrainment of peripheral clock cells and neurons appears to be at least partially a tissue-autonomous process, temperature input from peripheral tissues to the brain clock neurons also plays an important role [13, 15] . nocte 1 mutants-isolated after forward mutagenesis [13] -are defective for behavioral synchronization to TCs in LL but showed normal synchronization to LD cycles at constant temperature, suggesting a specific role in temperature entrainment [18] . nocte encodes a glutamine-rich protein of unknown function, which was later shown to be required for the structural integrity of internal fly mechano-receptors, the chordotonal organs (Cho) [15] . This suggested that Cho fulfill an additional role in thermo-reception and that they are directly or indirectly connected to the clock neurons. Mechanical Cho stimulation also synchronizes clock neurons and behavioral rhythms, providing further support for this novel sensory input pathway [21] . A thermo-receptive role for larval Cho had also been suggested [22, 23] , and temperature-dependent leg nerve responses suggest that adult Cho can detect temperature changes [7] . The potential Cho thermo-receptors include the divergent ionotropic glutamate receptor IR25a, as well as the transient receptor potential (TRP) ion channel pyrexia [7, 24] . In nature, circadian clocks need to integrate incoming sensory information to generate optimized clock output behaviors. In Drosophila, it has been shown that among the various subsets of clock neurons, those not containing CRY are more easily synchronized by temperature [1, 2, 25] . Consistent with these findings, CRY inhibits temperature entrainment of molecular oscillations within the CRY + neurons [14] . Despite this ''division of labor,'' an almost complete breakdown of molecular oscillations in all clock neuronal groups occurs under specific conditions of competing TCs and LD cycles [2] , suggesting that incoming sensory cues must be integrated across the entire clock neuronal network. How this integration works is not understood and remains an open question for understanding clock synchronization in nature.
Here, we show that nocte-mediated temperature input targets all major clock neuronal groups, consistent with impaired behavioral synchronization of nocte 1 mutants to 16 C:25 C TCs in LL and DD conditions. Surprisingly, although nocte is not required for molecular and behavioral synchronization to LD cycles at constant temperatures, nocte 1 mutants exhibit impaired synchronization to combined TCs and LD cycles, indicating a detrimental effect of temperature on light synchronization in the absence of nocte. nocte 1 flies exhibit abnormal sleep patterns during TCs and combined TCs and LD cycles, consistent with nocte-dependent temperature input to sleep-regulating clock neurons.
RESULTS
nocte Mediates Synchronization of Behavioral Activity Rhythms to TCs in DD Because so far behavior of nocte mutants was mainly studied in TCs during LL, we first analyzed nocte 1 activity rhythms in 16 C:25 C TCs in DD, followed by release into free-running conditions (DD and constant 25 C). Also, previous studies used a nocte 1 strain carrying a period-luciferase transgene on the same chromosome [14] , which may have influenced behavioral patterns. We therefore created nocte 1 and nocte + recombinants with similar genetic backgrounds and lacking the additional transgene (see STAR Methods). Behavior of the nocte 1 and nocte + recombinants was compared to that of Canton-S wild-type flies. As expected from previous studies [14, 17] , wild-type and nocte + control flies exhibited their main activity peak during the first half of the warm phase (Figure 1A) . To better visualize the activity peaks at the end of the TC regime, we also plotted histograms depicting the average daily activity for the last three days during TCs (upper row) and the six days during free-running conditions (bottom row; Figure 1B , arrows indicate the activity peak in hours after the start of the warm phase). In addition, we calculated an ''entrainment index'' (EI), which reflects the ratio of activity during the first 6 hr of the warm phase over the activity of the entire warm phase (Figures 1C and 1D ; STAR Methods). After six days, the flies were released to a constant temperature of 25 C in DD ( Figure 1A ; Table 1 ). It is important to note that the activity peak on the first day of the free-running conditions is aligned with that during the last day of the TCs, indicating that the circadian clock driving the activity rhythms is synchronized with the TCs ( Figure 1A ). In contrast, nocte 1 flies exhibit constant high activity during almost the entire warm phase (Figure 1A) , although inspection of the daily average histograms revealed an activity peak that is delayed by approximately 3 hr compared to control flies ( Figure 1B ). Moreover, nocte 1 flies have significant lower EI values during TCs in LL and DD (Figures 1C and 1D ). During the first two days in free-running conditions, nocte 1 flies exhibited constant 24-hr activity, followed by the gradual emergence of an activity peak, which-with respect to the previous TCs-occurred at the end of the warm phase (and not during the early warm phase as in Canton-S and nocte + flies: Figures 1A and 1B ). In line with the daily average histogram ( Figure 1B , bottom row) circular phase analysis (STAR Methods) revealed that the nocte 1 activity peak in free-running conditions is delayed by about 3 hr compared to the controls ( Figure 1E ). In addition, nocte 1 flies exhibit reduced free-running rhythmicity associated with period lengthening by 1 hr compared to controls (Table 1) . While the reduced rhythmicity is only observed after exposure to TCs, the period-lengthening effect is zeitgeber independent (Table 1) . To see whether nocte is also important for synchronization to more natural conditions, we performed the same experiment described above using ramped 12 hr:12 hr TCs, during which the temperature changed linearly (1 C/hr) between 16 C and 25 C, keeping the maximum and minimum temperature constant for only 3.5 hr at the end of the warm or cold phase (Figures S1A and S1B). Strikingly, nocte 1 flies became active immediately after the temperature started to increase, whereas control flies remained largely inactive for the first 3 hr of the warm phase (Figures S1A and S1B). Similarly, nocte 1 mutants maintained high activity levels until the temperature started dropping again, whereas control flies dropped their activity levels 2.5 hr before the temperature started decreasing (Figures S1A and S1B). These results suggest that nocte function prevents flies from regulating their activity levels only as a reaction to temperature changes, presumably enabling activity control by the circadian clock. As in the case of rectangular TCs ( Figures 1A and 1B) , nocte 1 mutants displayed impaired free-running rhythmicity after ramped TCs (Table 1) . Taken together, the results show that nocte 1 impairs the ability to synchronize to both rectangular and more natural ramped TCs, resulting in extended locomotor activity during the warm phase and reduced rhythmicity during free run. Table 1. activity throughout the warm phase or the appearance of defined activity peaks, respectively ( Figure S1C ; STAR Methods). Individual flies classified as non-entrained in most cases also exhibited arrhythmic or weakly rhythmic activity patterns in the subsequent free-run part of the experiment, validating our approach ( Figure S1E ). Brains from both groups were dissected at two time points corresponding to peak (zeitgeber time [ZT] 20) and trough (ZT4) TIM expression levels during TCs in DD [17] . In contrast to Canton-S and nocte + control flies, no significant TIM-abundance oscillations were present in the majority of the clock neuronal groups when all nocte Figure 2B ), supporting our hypothesis that some nocte 1 flies contain a sufficient number of intact scolopidia for allowing at least partial synchronization to TCs.
We also followed PER oscillations using a PER-luciferase reporter (8.0-luc) that-during the same TC as applied here-is rhythmically expressed in subsets of LNds and DN1-DN3, but not in the LNvs [14] . At least 50% of the 8.0-luc-positive neurons are CRY negative [27] , indicating that a large proportion of the 8.0-luc neurons preferentially synchronize to TC [1, 14] . Given the strong interference of nocte 1 with temperature-synchronized TIM oscillations, we expected to observe similar results with the PER-luciferase reporter. We transferred nocte + and nocte 1 8.0-luc flies to individual wells of 96-well microtiter plates containing food fortified with luciferin as described before (STAR Methods) [14] . Plates were exposed to 16 C: 25 C TCs in DD for 3 days, after which we started recording luciferase expression at constant 16 C in DD for 4 days. nocte + flies exhibited robust oscillations of luciferase activity, while oscillations of nocte 1 8.0-luc flies showed a drastically reduced amplitude and ceased after 1 day ( Figure 2C ). Moreover, luciferase activity was at constant low levels compared to that of nocte + flies, similar to the low constitutive TIM levels observed in the DN (Figures 2A, 2B , and S2B). We did not separate behaviorally synchronized from non-synchronized flies, which most likely explains the remaining weak but synchronized oscillations observed in nocte 1 8.0-luc flies on day 1 in constant conditions ( Figure 2C ).
nocte Is Required for Normal Synchronization of Behavioral Rhythms to Combined LD and TCs Several studies implicate the DN1 as important for integrating light and temperature information in order to regulate activity rhythms and sleep [7, [28] [29] [30] . Because the DN1s were also strongly affected by nocte 1 during TCs (Figures 2 and S2 ), we wondered whether integration of light and temperature signals in the DN1 may also be affected by nocte 1 . First, we analyzed synchronization to LD cycles at constant temperatures and confirmed that nocte is not required ( Figures S3A-S3D ) [13, 15] Figure S4 ), confirming that nocte is not required for synchronization to LD cycles. In agreement with normal synchronization to LD cycles, nocte 1 flies exhibit normal rhythmicity in subsequent DD conditions ( Figure S3A ; Table 1 ). Next, we combined LD with in-phase 25 C:16 C TCs (i.e., warm phase coincides with ''lights on,'' cold phase with ''lights off''). Canton-S and nocte + flies exhibited pronounced bimodal behavior with prominent activity peaks in the morning and evening and a daytime siesta, during which activity levels dropped to almost zero ( Figures 3A and 3B ). Compared to LD cycles alone, evening activity started to increase several hours earlier (shortly after midday), and anticipation of the light onset and temperature increase in the morning was reduced (Figures 3A and 3B) [2] . Surprisingly, the behavioral pattern of nocte 1 flies looked very different compared to the controls and to that of nocte 1 mutants in LD. While activity peaks in the morning and evening could be discerned, there were also considerable amounts of activity occurring during the middle of the day, i.e., the typical siesta was reduced, revealing an additional activity peak in the middle of the day, when control flies are inactive ( Figures 3A  and 3B ). This was reflected by a significantly lower EI of nocte 1 flies compared to the controls ( Figure 3C ). We scrutinized individual behavioral plots of nocte 1 flies exposed to LD plus TCs to classify them as non-entrained (47%; n = 60) or weakly entrained (53%; n = 67; Figures S5A and S5B). As in DD and TCs, individual flies classified as non-entrained in most cases also exhibited arrhythmic or weakly rhythmic activity rhythms in the subsequent free-run part of the experiment, contributing to the overall reduced rhythmicity and rhythms strength of nocte 1 ( Figure S5C ; Table 1 ).
Also, similar to the situation in DD TCs, nocte 1 flies showed a delayed activity peak in the free-running conditions following the combined LD and TCs exposure ( Figure 3D ).
nocte Contributes to the Synchronization of TIM and PER Oscillations in Clock Neurons during Combined LD and TCs We dissected brains of non-entrained nocte 1 flies and controls at day 6 of the LD plus TC exposure and performed assessments of TIM levels at ZT4 and ZT20 as described above. In agreement with previous studies, strong TIM oscillations were observed in Canton-S and nocte + flies ( Figures 4A and 4B ) [2, 17] . In contrast, Rhythmicity and free-running period of flies with the indicated genotypes were determined during 5 or 6 days in DD at constant 25 C after initial entrainment to zeitgeber conditions indicated in the white areas of the table. Period length and rhythm strength (RS) were determined using the autocorrelation function of the fly tool box MATLAB script described previously (STAR Methods) [26] . See also Figures S1, S3 , S5, and S6. a Significant difference compared with Canton-S in the same condition nocte 1 flies showed low-amplitude oscillations of TIM levels in the DN1, DN3, and LNd groups, which did not reach significance, and in the DN2 TIM oscillations were abolished (Figure 4B) . In contrast to the situation in DD and TCs, all 3 CRY-positive LNv groups now exhibited low amplitude but significant TIM oscillations, presumably because of CRY-mediated light resetting within these neurons ( Figures 4A and 4B ). nocte Is Required for Wild-Type Behavior during Conflicting Zeitgeber Cycles The results obtained so far indicate that nocte is important for proper integration of light and temperature signals. To substantiate this conclusion, we exposed nocte mutants to a sensory conflict paradigm, in which LD cycles and TCs are offset by 6 hr relative to each other. In wild-type flies, such a conflict regime generates an atypical, plateau-like constant activity behavior during the 6 hr of low temperature combined with ''lights on'' [2] . Removing the principal circadian photoreceptor CRY during such a conflict experiment leads to molecular and behavioral synchronization mainly following the temperature cue [2] . Similarly, removing a principle component of the temperature input pathway should result in synchronization to the LD cycle, while removing Table 1 .
a factor that impacts synchronization to both zeitgebers should generate a different behavioral pattern. We exposed nocte 1 and nocte + flies to 5 days of combined (in phase) TCs (25 C:16 C) and LD cycles, followed by 5 days where the LD cycle was delayed by 6 hr relative to the TCs. Finally, flies were released into DD at constant 25 C to assess free-running rhythmicity ( Figure S6A ) [2] . As expected ( Figures 3A and 3B) , nocte + controls exhibited bimodal activity when LD and TCs were in phase and plateau-like high and constant activity during the conflict regime when temperature was low and lights were on ( Figures S6A and S6B ). In contrast, nocte 1 flies showed a reduced siesta and a significantly reduced EI when LD and TCs were in phase (Figures S6A-S6C ; compare to Figure 3 ). During conflict, no plateau-like behavior was observed in nocte 1 flies, and they also did not synchronize to the LD cycle, as would be expected from a mutant specifically blocking the temperature input only ( Figures  S6A, S6B , and S6D). Instead, nocte 1 flies showed high and rather constant activity during the first 6 hr of the warm phase (lights off), followed by reduced and again constant activity during the 2 nd part of the warm phase (lights on) ( Figures S6A and S6B) . Unlike the controls, mutant flies also respond with a steady decrease of activity after the initial activity increase associated with the onset of the cool period ( Figures S6A and S6B ). Similar to the situation after TCs and combined LD and TC exposure, the EI during the conflict regime and overall rhythmicity during the subsequent free run are significantly reduced in nocte 1 mutants ( Figure S6D ; Table 1 ). Taken together, the results support a role for nocte in the integration of light and temperature signals for clock synchronization.
nocte Regulates Sleep during TCs Sleep is fundamental for animal survival and tightly regulated by clock neural networks. Given the fact that nocte is required for temperature-dependent molecular clock oscillations in clock neurons previously implicated in the regulation of sleep [28, 29, 31] , we asked whether nocte is also required for modulating sleep. We first analyzed the sleep patterns of nocte 1 
. nocte Contributes to Molecular Synchronization of Clock Neurons to Combined LD and TCs
Flies of the indicated genotypes were exposed to combined TCs and LD cycles as described in the legend of stable activity phase. nocte + flies exhibited reduced sleep between ZT3 and ZT6 of the warm phase, followed by a steady sleep increase between ZT5 and ZT11 and remaining at peak levels throughout the cold phase ( Figure 5A ). In contrast, sleep levels of nocte 1 mutants increased during the first part of the warm phase but declined between ZT6 and ZT9. This unusual decrease in sleep levels was followed by a gradual increase up to the beginning of the cold phase, during which peak levels of sleep were maintained as in control flies ( Figure 5A , left panel). Determination of total sleep duration revealed that nocte 1 mutants exhibit identical amounts of total sleep as well as total ''day'' and ''night'' sleep (defined as sleep between ZT0 and ZT12 and between ZT12 and ZT24, respectively). These data indicate that nocte is required for regulating sleep distribution during the warm phase of TCs.
Finally, we compared sleep patterns of nocte + and nocte 1 flies exposed to LD cycles at constant temperatures with those exposed to combined LD and TCs. nocte + flies exhibit similar sleep patterns in both conditions: sleep levels rapidly increase in the early morning and stay at peak levels until they decline in the afternoon, reaching trough levels around the lights-off transition (ZT12). After lights off, sleep levels again rapidly increase and stay at peak levels until the next dawn ( Figures 5B and  5C ). As expected, during LD and constant temperature conditions, sleep patterns of nocte 1 flies were not significantly different from the controls ( Figure 5B ). During combined LD and TCs and in contrast to the controls, we found that nocte 1 sleep levels increased more slowly and to lower levels in the morning (ZT2-ZT9) and also declined more slowly and remained at higher levels in the evening (ZT10-ZT12) ( Figure 5C ). During the night, both nocte 1 and nocte + again displayed peak sleep levels, and total amounts of sleep were not affected by nocte 1 during the day or night (Figure 5C ). Taken together, the results show that nocte differentially affects the sleep pattern in the presence of fluctuating temperatures, both in DD and ''in-phase'' LD cycles. The effects are always restricted to the warm (day) phase, and total sleep length is not affected. The differential effects on the sleep pattern in the absence or presence of LD cycles further indicate that nocte is required for the proper integration of light and temperature signals.
DISCUSSION Neuronal Targets of NOCTE-Dependent Temperature Input
We reveal here a nocte-and presumably Cho-dependent temperature input to LNd and DN subsets of the Drosophila clock circuit. While it has previously been shown that nocte and Cho contribute to temperature entrainment of the circadian clock, it was not known which of the clock neurons are targeted by this peripheral sensory input pathway [13, 15] . The neuronal targets we identified are largely consistent with previous studies showing that most of the clock neurons not expressing CRY are more responsive to fluctuating temperature signals compared to CRY + cells [1, 2, 25] . The lack of normal synchronized TIM expression in the DN1-DN3 and LNds of nocte 1 flies shows that nocte-dependent temperature input serves as the main thermal entrainment signal for these cells. Interestingly, loss of the variant glutamate receptor IR25a, which impairs entrainment to TCs, also strongly affected the DN1s and LNds, highlighting the importance of these neuronal groups for temperature entrainment [7] . In fact, blocking synaptic transmission from the DN1 via expression of tetanus toxin interfered with behavioral synchronization to TCs [7, 32] . The low-amplitude oscillations of TIM in the LNv groups are either caused by alternative temperature inputs into these cells or result from the initial exposure to LD cycles before the flies were transferred to TCs.
Novel Role for NOCTE in Sensory Integration of Light and Temperature
In addition to uncovering the neuronal targets of the NOCTECho temperature pathway, we revealed that its function is also important during more natural environmental situations, i.e., the combined presence of in-phase or conflicting TCs and LD cycles ( Figures 3, 4 , S5, and S6). This is very surprising, considering that nocte mutants synchronize normally to LD cycles at constant temperatures ( Figures S3 and S4 ) [13] . During combined LD and TC conditions, the DN1-DN3 and LNd groups were most severely affected as evidenced by the lack (DN2) or severe amplitude reduction of synchronized TIM and PER-LUC oscillations (Figure 4) . In contrast to the situation in DD and TC, all three exclusively CRY-positive LNv groups now exhibit synchronized TIM oscillations, which can be explained by CRY-mediated light resetting within these neurons. Only about 50% of the DN1s and LNds express CRY, so that the non-significant, low-amplitude TIM oscillations within these groups could potentially be explained by light synchronization within the CRY-positive neurons ( Figure 4B ). However, we do not favor this idea, because in the absence of LD cycles, we observe similar non-significant TIM oscillations within these neuronal groups ( Figure 2B) . Moreover, the CRY-negative DN3s exhibit the same low-amplitude oscillations in the presence of combined LD and TCs ( Figure 4B ). Based on the observation that low-amplitude TIM oscillations are abolished in non-entrained and increased in weakly entrained nocte 1 flies (Figure S2 ), we argue that the lack of full penetrance contributes to the shallow TIM oscillations observed when both nocte 1 phenotypic classes are averaged ( Figure 2B ). Over the last few years, the DN1s have been shown to be a versatile subset of the clock neuronal circuit. They receive and integrate multiple environmental sensory inputs to regulate accurate timing of locomotor activity and sleep [28] [29] [30] [31] [32] [33] [34] [35] . A very recent study elegantly shows that the DN1s are activated by very brief (<20 s) temperature reductions from 23 C to 16 C in a nocte-and Cho-dependent manner [32] . Because nocte 1 mutants or reducing nocte function in ChO impairs temperature entrainment [15, 18, 32] , these rapid DN1 temperature responses most likely also contribute to the detection of longterm temperature fluctuations relevant for daily temperature entrainment.
DN1s support morning activity at warmer (25 C) and evening activity at colder (20 C) temperatures, while at low light levels, they also support evening activity at 25 C, presumably revealing a light and temperature integration function of the DN1s [30] . We show here that the DN1s are among the clock neurons that are strongly affected by the lack of nocte function, both during 16 C:25 C TC and combined TCs and LD cycles, supporting a role for this neuronal group in light and temperature integration. The strong nocte 1 effects on the CRY-positive LNvs during combined LD and TCs raise the possibility that they are coupled to the temperature-input-receiving LNd and DN groups. This would also explain the ''dominant-negative'' effects of nocte 1 on synchronization during combined LD and TCs. We propose that, in the presence of TCs, nocte prevents inappropriate signaling from the DN and LNd groups to the LNvs, thereby contributing to the correct integration of light and temperature.
Role of NOCTE in Regulating Sleep
With regard to sleep regulation, temperature-dependent functions of the DN1 are more complex. In general, warmer temperatures increase daytime sleep and decrease sleep at night [34, 36] . The daytime increase in sleep depends on a functional clock and PER expression in the DN1s [34] , showing that a subset of this heterogeneous neuronal group can have sleeppromoting functions. This DN1 subset presumably represses the activity-promoting LNvs and LNds via glutamate [28] . We show here that nocte 1 flies exhibit significantly reduced siesta sleep (ZT3-ZT9) during the warm phase of combined TC and LD cycles-a condition disrupting molecular synchronization in the DN1 (Figure 4 ). Although we did not directly address a role for nocte in regulating DN1 function in sleep, these results are in line with a sleep-promoting function for the DN1s below 30 C [28] . In the absence of light cues (TCs in DD), wild-type flies gradually initiate a period of inactivity and sleep (''siesta'') during the warm phase starting after ZT6 and reaching peak inactivity and sleep levels toward the end of the warm phase at ZT10 (Figures 1A , 1B, and 5A; cf. [37] ). During this interval (ZT6-ZT10) nocte 1 flies show the exact opposite behavior and drastically decrease their sleep levels ( Figure 5A ). This points again to a sleep-supporting role for the DN1s, in line with the results obtained for combined LD and TC synchronization and results by Yadlapalli et al. [32] showing that the DN1s promote sleep during ramped TCs. We propose that, in nocte 1 flies, DN1 activity is altered during TCs, resulting in impaired behavioral and molecular synchronization, as well as in a reduced ability to repress activity promoting clock neurons.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ralf Stanewsky (stanewsky@uni-muenster.de)
EXPERIMENTAL MODEL AND SUBJECT DETAILS Flies
Flies were kept at 25 C or 18 C on common cornmeal-yeast-sucrose food under LD cycles and 60% humidity. Canton-S flies served as wild-type controls. The 8.0-luc line was described previously and encodes the entire PER protein fused to the firefly Luciferase cDNA [40] . Due to the absence of per promoter, the 1 st non-coding exon, and large parts of the 1 st intron, reporter expression is limited to subsets of the DN1-3 and LNd both during TC and LD cycles [14, 27, 40] . The nocte 1 allele was isolated after chemical mutagenesis as previously described [13, 15] . To remove unwanted background mutations and the period-luciferase reporter used for isolation of nocte 1 , the original Df (1) 
METHOD DETAILS
Behavioral analysis 3-4 day old male flies were collected after being kept in a 12 hr light/12 hr dark controlled room at constant 25 C and used for locomotor activity analysis with the Drosophila Activity Monitor System (DAM, Trikinetics Inc). The DAM and environmental monitors (Trikinetics Inc), were located inside a light-and temperature-controlled incubator (Percival, USA) where the fly's activity was recorded once per minute for several days depending on different experimental conditions. During rectangular TC, changes from the warmer (25 C) to the cooler (16 C) temperature and vice versa occurred within 30 min. During the ramped TC (Figures S1A and S1B) temperature increased linearly from 16 C to 25 C for 8.5 hr and then was held at constant 25 C for 3.5 hr. This was followed by a linear 8.5 hr decrease to 16 C, followed by 3.5 hr of constant 16 C and so on. Double-plotted Actograms and daily averages, as well as rhythmicity and period values shown in Table 1 , were plotted and calculated using the fly tool box implemented in MATLAB (Math Works) [26] . Period length values and their significance (RS values) were determined using the autocorrelation function and Period values associated with RS values R 1.5 were considered rhythmic [26] . Classification in weakly-and non-entrained flies was performed after scrutinizing individual actograms for the presence of abnormal activity peaks during the warm phase when wild-type flies typically rest (2 nd part of the warm phase in TC and siesta between ZT2 and ZT9 in combined LD and TC). Flies classified this way as non-entrained are mostly arrhythmic under subsequent free running conditions, validating this approach ( Figures S1E  and S5C ). For entrainment index (EI) calculation, raw behavioral data of the last three days of each entrainment condition were plotted using a customized Excel Macro [14] . EI was defined as ratio of activity occurring during a time window (indicated in each figure) covering the main activity peak of wild-type flies (evening peak in LD and LDTC) over the activity during the entire warm or light phase. In order to distinguish the clock-controlled behavioral peaks from light or temperature induced response peaks, a smoothing filter was applied for the four activity bins during the 2 hr directly following each environmental transition [14] . To calculate the phase of the main activity peaks after entrainment, we employed circular phase plot analysis as previously described [7, 26] . In brief, the mean peak activity phase of the 3 consecutive days after release into constant conditions was determined for each fly of the two genotypes (nocte 1 versus Canton-S, nocte + versus Canton-S) to be compared to each other. An average 'vector' indicating phase coherence (length) and mean peak phase (direction) is calculated for each genotype and the two vectors are compared by an F-statistic (Watson-Williams-Stevens test). The difference in direction is plotted in hours (hr) and the mean peak phase of the controls (Canton-S) was set to zero. Sleep at different time points as well as duration were calculated using a customized Excel Marco [29] , and then plotted in Graphpad (Prism). Sleep is defined as inactivity for at least 5 mins.
Immunohistochemistry
Immunostaining of whole-mount brains was performed as described [7] . For LD experiments, flies were fixed at the indicated time points on the 6 th day of the LD cycle. For TC and LDTC experiments, flies were loaded in activity monitors and individual activity data were examined one day before fixation. Flies were grouped as 'entrained' or 'not entrained' based on behavioral performance (Figures S1 and S5) and subsequently fixed at different time points on the 6 th day of the TC or LDTC cycle. Primary rat anti-TIM (1:1,000 [38] , mouse anti-PDF (1:500, c7 DSHB) and secondary antibodies AlexaFluor-594 (1:500, Invitrogen) and AlexaFluor-647(1:1,000, Invitrogen) were applied in this study. Stained brains were mounted and observed under a Leica TCS SP8 confocal microscope.
To quantify anti-TIM signals, pixel intensity of stained neurons and background staining in each neural group was measured with ImageJ (NIH). Background signal was determined by taking the average signal of the two surrounding fields of each neural group and subtracted from the neuronal signal. For each group of clock neurons and time point, at least 10 hemispheres from each genotype were analyzed. Data were normalized by setting the peak value to 1 and the value for each time point was then divided by the peak value.
Bioluminescence measurements Luciferase expression of individual flies carrying the 8.0-luc period-luciferase reporter gene was measured as described in [40] . 3-4 day old males were loaded in 96-well microtiter plates containing 100ul of 5% sucrose, 1% agar and 15mM luciferin. Bioluminescence was detected with a TopCount Multiplate Reader (Perkin Elmer) for serval days during conditions of constant temperature and darkness after the flies were entrained to LD, TC, or combined LDTC cycles. Data were analyzed using BRASS [39] and plotted using GraphPad (Prism).
QUANTIFICATION AND STATISTICAL ANALYSIS
All data were analyzed using Graphpad (Prism). For EI calculations, one-way ANOVA with Fisher's least significant difference (LSD) post hoc test was applied to determine the difference between groups. For sleep duration, Kruskal-Wallis with Dunn's post hoc tests were performed to determine the difference between nocte 1 mutants and the nocte + control. For TIM immunostaining, two-way ANOVA with Bonferroni multiple comparisons were used.
DATA AND SOFTWARE AVAILABILITY
Raw data and locomotor activity analysis code will be provided upon request by Lead Contact, Ralf Stanewsky (stanewsky@ uni-muenster.de).
